systems. Detailed analysis in culture revealed a reduction in initial release probability, which presumably underlies the increased short-term facilitation.
Introduction
At the presynapse, coupling between action potentials (APs) and synaptic vesicle fusion is exquisitely precise, ensuring high temporal fidelity of neuron-to-neuron signaling in the nervous system. Two properties are thought to be responsible for this remarkable precision: and impairs the integrity of the AZ scaffold (6) . DRBP-deficient flies show severe impairment of neurotransmitter release along with increased short-term facilitation (6, 7) .
Recently, Acuna et al. (8) published a report on the combined loss of RIM-BP1 and RIM-BP2 in mouse synapses. The authors report that although RIM-BPs are not essential for synaptic transmission, AP-triggered neurotransmitter release is more variable and the sensitivity to the Ca 2+ chelator EGTA is increased at the Calyx of Held, suggesting a larger coupling distance of Ca V and the release machinery.
In the present study, we further investigated the consequences of constitutive deletion of RIM-BP2 on the structure and function of mouse hippocampal synapses. We show that loss of RIM-BP2 leads to a moderate reduction in initial release probability, which translates into profound changes in short-term plasticity (STP). This deficit can be overcome by increasing
Results

RIM-BP2 Localization at the AZ of Hippocampal CA3-CA1 synapses
STED microscopy revealed that DRBP localizes close to the membrane near the AZ center of Drosophila NMJ synapses (6) , but comparable studies on RIM-BPs at mammalian AZs with nanometer scale resolution are lacking. Quantitative real-time PCR suggested that RIM-BP2 is the predominant paralog in cultured hippocampal neurons (Fig. S1A) . We analyzed the spatial relationship between RIM-BP2 and two AZ components, Bassoon and MUNC13-1, at CA3-CA1 hippocampal synapses of mouse brain cryosections. On the confocal level, RIM-BP2 co-localized with both AZ proteins (Fig. S1B) . To dissect the AZ nanoscale architecture, we established triple channel gSTED with a lateral resolution of ~50 nm in all three channels ( Fig. 1A and Fig. S1 B-D). Analysis of the mean distance between nearest neighbors (k-nearest neighbor analysis) revealed that RIM-BP2 is localized at a short distance to Bassoon and MUNC13-1, whereas MUNC13-1 is equidistant to RIM-BP2 and Bassoon (k=1). In coimmunoprecipitations from P2 fractions of mouse brains, RIM-BP2 coprecipitated with RIM and Munc13-1, but not with the Arf GTPaseactivating protein GIT, a binding partner of Piccolo (9) and of endocytotic proteins such as Dynamin1 ( Fig. S1E ) and Stonin 2 (10) . Together, these results indicate that RIM-BP2 is part of the presynaptic AZ scaffold and forms a complex with the priming factors RIM and Munc13-1.
Generation of a RIM-BP2 Constitutive Knockout Mouse Line
We generated knockout (KO) mice constitutively lacking RIM-BP2 by deleting exon 17 of the RIM-BP2 gene that encodes part of the second SH3 domain (Fig. S2A ). RIM-BP2-deficient mice were born at Mendelian ratios ( 
RIM-BP2 Deletion Moderately Decreases Vesicular Release Probability and Leads to Increased Short-Term Facilitation in Cultured Neurons
To investigate the role of RIM-BP2 in synaptic transmission, we analyzed basic synaptic properties and STP in autaptic hippocampal glutamatergic neurons from RIM-BP2 WT and KO mice. Evoked excitatory postsynaptic current (EPSC) amplitudes were decreased by 20% in RIM-BP2 KO neurons compared with WT (Fig. 1B) . We further analyzed the coefficient of variation (C.V.) of EPSCs as a measure for the reliability of evoked release.
Consistent with previous results from RIM-BP1/2 double KOs (DKOs) (8), we found an increased C.V. in RIM-BP2 KO neurons (Fig. 1C) . The size of the readily releasable pool (RRP) (11), was not significantly altered (Fig. 1D) . The probability of a synaptic vesicle being released by an AP [vesicular release probability (P VR )] was calculated as the ratio of the EPSC and the RRP charge. P VR was reduced by 10% in RIM-BP2 KO neurons (Fig. 1E) . Additionally, we assessed release probability (P R We next investigated how STP is affected by loss of RIM-BP2. Autaptic RIM-BP2 KO neurons showed a robust increase in paired-pulse ratio (PPR) when stimulated with pairs of
APs at different interstimulus intervals (ISIs) compared with WT neurons (Fig. 1 H and I).
During short bursts of five APs at 50 Hz ( Fig. 1J ), EPSCs showed initial facilitation, followed by moderate depression in RIM-BP2 KO neurons but significant depression in WT neurons.
Similarly, RIM-BP2 KO neurons exhibited significantly reduced depression of EPSC amplitudes during 10-Hz trains compared with WT neurons (Fig. 1K ).
RIM-BP2 Deletion Alters STP in Acute Hippocampal Slices
To verify the results independently in autaptic culture, we analyzed synaptic transmission in the CA1 area of acute hippocampal slices. The input/output function relating field recordings of excitatory postsynaptic potentials (fEPSPs) and fiber volley amplitudes were unchanged ( Fig. 2A) , suggesting that the loss of RIM-BP2 does not cause major alterations in basal synaptic transmission.
However, the PPR of fEPSPs was significantly elevated for all ISIs ( Fig. 2 B and C) , corroborating the cell culture results. Train stimulations with 25 pulses at 14 Hz caused greater initial facilitation and less depression of fEPSPs in RIM-BP2 KO compared with WT mice (Fig. 2D ). As in autaptic cultures, spontaneous miniature release was unaltered in hippocampal slices (Fig. 2E) . Together, the data from acute slices and autaptic culture demonstrate enhanced short-term facilitation in the absence of RIM-BP2.
Additional RIM-BP1 Deletion Does Not Exacerbate the RIM-BP2 KO Phenotype
We crossed RIM-BP2 KO mice with constitutive RIM-BP1 KO mice ( Fig. S4 A-F Third, due to a higher energy barrier for fusion, sucrose-induced release kinetics would be slower in the case of a priming deficit (15) . However, peak release rates were unchanged (Fig. S3F ). Additionally we tested recovery from pool depletion but did not detect any difference between WT and RIM-BP2 KO neurons ( Fig. S3 H and I) , suggesting that RIM-BP2 deletion does not affect RRP replenishment.
RIM-BP2 Deletion Alters Ca 2+ Sensitivity of Release
Work at Drosophila NMJ synapses demonstrated that deletion of DRBP results in defective Ca V localization, reduced Ca 2+ influx, impaired synaptic transmission, and increased shortterm facilitation (6) . We examined presynaptic Ca 2+ influx in cultured hippocampal neurons using the fast Ca 2+ sensor GCamp6f coupled to synaptophysin (SynGCamp6f) that specifically localizes the sensor to the presynapse (Fig. 3A) . We did not detect significant differences in global Ca 2+ signals in response to two (at 20 Hz) or 50 (at 10 Hz) APs ( Fig. 3 B and C). Furthermore, we analyzed the dependence of transmitter release on varying 
RIM-BP2 KO Alters Presynaptic Ca V 2.1 Channel Localization
If priming, global presynaptic Ca 2+ influx, and Ca 2+ cooperativity are unaltered in the RIM-BP2 KO neurons, could altered Ca V positioning explain the changes in release probability and PPR?
To address this question, we turned to superresolution microscopy and tested if deletion of RIM-BP2 alters the subsynaptic positioning of the P/Q-type Ca V subunit Ca V 2.1, because interference with RIM-BP2 and Bassoon interaction affects their synaptic localization (5).
We first measured the synaptic distribution of Ca V 2.1s in relation to the AZ protein Bassoon in the stratum radiatum of the hippocampal area CA1 of WT and RIM-BP2 KO mice by dual-channel gSTED (Fig. 4 A-F) . We found that loss of RIM-BP2 did not significantly affect either the total number of Ca V 2.1 and Bassoon clusters or their ratio ( Fig. S5 A and B) , in agreement with the unaltered total Ca 2+ influx observed by Ca 2+ imaging (Fig. 3 A-C) .
Notably, however, the average number of Bassoon clusters at short distance intervals from Ca V 2.1 clusters was significantly reduced by more than 30% (Fig. 4 B, i and C) . This finding indicates that RIM-BP2 deletion alters Ca V 2.1 localization at short distances from the AZ.
This effect is not due to an overall change in total cluster number. Supporting these results, at RIM BP2 KO synapses, we observed a 50% increase in the mean k distance of Bassoon clusters surrounding a given Ca V 2.1 cluster, but the P value reached was only 0.068 (k = 1; Fig. 4 B, ii and D) . The mean k distance between individual Bassoon clusters did not significantly change in the absence of RIM-BP2, suggesting that although the distance between single AZs is unaltered in RIM-BP2 KO mice, Ca V 2.1s are localized more distal from the AZ (Fig. 4E and F) .
To map Ca V 2.1 localization precisely relative to the AZ protein RIM1 and the postsynaptic marker Homer1, we established triple channel gSTED (Fig. 4 G-N Fig. 4 H and I) . We also found a significantly reduced mean number of Homer1 clusters surrounding a given RIM1 cluster at 50 -75 nm and 100 -125 nm in RIM-BP2 KO (Fig. 4J) , suggesting an effect of RIM-BP2 on RIM1 clustering. However, the mean k distance of neighboring Homer1 towards RIM1 clusters did not significantly change (Fig. 4K ). These data indicate that RIM-BP2 might exert a minor effect on the exact RIM1 spatial distribution at the AZ. The mean number of Homer1 clusters relative to Ca V 2.1 was not altered in RIM-BP2 KOs (Fig. 4L) . At RIM-BP2 WT synapses, the closest neighboring Homer1 cluster was found at 142 ± 10 nm from Ca V 2.1 clusters (Fig. 4 M and N (Fig. S6 A-C) . Indeed, preincubation with 25 µM EGTA-AM decreased EPSC amplitudes more in RIM-BP2 KO than in WT (Fig. S6A ).
Although this effect was not statistically significant, EGTA-AM did reduce the P VR by more than 50% in RIM-BP2 KO without altering WT P VR (Fig. S6B) Indeed, in our analysis we see only a relatively small fraction of AZs having a Ca V 2.1 within 125 nm. At this subset of AZs, proper Ca V 2.1 localization depends on RIM-BP2.
We established triple-channel gSTED to determine precise distances between clusters of specific synaptic components at CA3-CA1 synapses in situ. At other excitatory synapses, previous studies using direct stochastical optical reconstruction microscopy (dSTORM)
reported a Bassoon-Homer1 average axial distance of 154 nm (24). Accordingly, we find that at WT synapses, Homer1 is located at 142 nm and 134 nm from Ca V 2.1 and RIM1, respectively, indicating that gSTED can be used reliably to map protein cluster localization, and thus synaptic substructures at mammalian synapses in situ. However, with both superresolution techniques, true cluster distances are obviously influenced by using indirect immunolabeling, because the size of the primary/secondary IgG sandwich (~ 20 nm) and the position of the epitopes recognized by the antibodies likely influence the exact measured distances (epitopes targeted by each antibody listed in Table S1 ). Still,
comparing the values between mutant and WT constellation should be meaningful.
Here, we show that at hippocampal CA3-CA1 AZs, RIM-BP2 is located close to Bassoon and Munc13-1 in a complex in which each nearest neighbor is rather equidistant (~100 nm).
According to ultrastructural studies, cortical pyramidal neuron synapses usually have a single AZ with a highly variable area of about 0.04 µm 2 (25, 26). Our cluster analysis at CA3-CA1 synapses maps two adjacent Bassoon clusters at less than 200 nm. We therefore assume that the first (k=1) nearest neighbor of our analysis might indicate a neighboring cluster within a single AZ. To address this point more precisely, 3D reconstruction of AZ components imaged at sub-diffraction axial resolution will be necessary. Our data also
show that the localization of Ca V 2.1 in close apposition to the PSD marker Homer1 is relatively stable even in the absence of RIM-BP2. Although the overall RIM1 expression level was not affected in crude synaptosomal membranes, we observed increased variability in RIM1 total cluster number in RIM-BP2-deficient synapses. This increased variability may reflect altered nanoscale distribution of RIM1 localization within AZs and towards the postsynapse, which is supported by a trend toward a larger RIM1-to-Ca V 2.1 mean k distance and slightly, but significantly, altered Homer1 clustering relative to RIM1 in RIM-BP2 KO.
We performed a detailed analysis of RIM-BP2 loss of function mostly in autaptic neurons, whereas our structural analysis was done in situ to provide information on the organization of the AZ within the hippocampus. Nevertheless, our PPR and STP experiments in slices demonstrate that RIM-BP2 KO results in a similar functional defect in both preparations. On the other hand, our EGTA-AM experiments provide evidence that RIM-BP2 is necessary for
proper Ca 2+ channel localization at the AZ also in vitro.
Besides coupling of Ca V s to release sites, other functions have been suggested for RIM-BPs. At the Drosophila NMJ, DRBP is required for homeostatic modulation of presynaptic Ca 2+ influx and the size of the RRP, as well as recovery from pool depletion (7).
In contrast, at the murine Calyx of Held, RRP size and the kinetics of priming into the RRP are not RIM-BP-dependent (8) . However, the release of the RRP was significantly decelerated in RIM-BP1/2 DKO. In our autaptic culture system, we observed no differences in RRP size, fusogenicity, or peak release rates and we did not detect changes in the recovery from pool depletion. These results suggest that loss of RIM-BPs manifests distinctively at different specialized synapse types.
Why are the effects of RIM-BP2 deletion on presynaptic structure and function of hippocampal synapses rather subtle compared with the severe phenotype at Drosophila Further investigation is required to understand fully the molecular role of RIM-BPs in different synapse types, which might also depend on the type of presynaptic Ca V present.
Studying potential behavioral deficits in RIM-BP1 and RIM-BP2 KO mice and the function of RIM-BPs in neuronal circuits implicated in ASD (32) will likely advance our understanding of how the disruption of RIM-BP function might lead to behavioral and cognitive deficits. Cell Culture and Electrophysiological Recordings. Primary neuronal cultures were prepared as described by Arancillo et al. (14) . Whole cell patch-clamp recordings in autaptic neurons were performed at days in vitro 13 -21 as described (14) . SynGCamp6f Imaging. SynGCamp6f was generated analogous to synGCamp2 (34) by fusing GCamp6f (35) to the C terminus of the synaptic vesicle protein synaptophysin.
Slice Preparation and Electrophysiological
Imaging was done as previously described (34).
SI Methods contains figures, a detailed description of methods used, antibodies (Table S1) , raw values, and statistical analysis (Tables S2-4) . are expressed as mean ± SEM. *P < 0.05; ** P < 0.01; *** P < 0.001. (Fig. S4 B and C) , ES cells were injected into recipient blastocysts and implanted into pseudo-pregnant C57BL/6 females. The F1 chimeric males were crossed to a C57BL/6 Cre deleter line to excise the loxP flanked sequences, resulting in generation of the constitutive RIM-BP1 or RIM-BP2 KO mouse lines (Figs. S2A, S4A ). For both single-KO lines, heterozygous animals were backcrossed to C57BL/6 mice and progeny were expanded to establish colonies.
Heterozygous RIM-BP2 mice were bred to obtain homozygous, heterozygous and WT littermates for all subsequent experiments. Mice from both strains were crossed to obtain RIM-BP1/2 DKO animals. Genotyping PCR on genomic DNA obtained from tail biopsies was performed before neuronal cultures were made, as well as before and after slice experiments (Fig. S4E) For RIM-BP1 KO real-time PCR, mRNA was isolated from whole brain of WT, heterozygous, and homozygous litter mates; DNase I digested; and transcribed into cDNA. The following primers and UPL probes were used (also Fig. S4D Table S1 .
Immunoblotting. For KO mouse analysis, the crude membrane fractions were isolated from WT and KO brain samples to investigate expression of RIM-BP2 and different synaptic proteins ( Fig. S2D-F) or RIM-BP1 (Fig. S4F ). Brain samples from 4-to 6-wk-old mice were snap-frozen with liquid nitrogen and stored at -80°C. Samples were homogenized in 10 vol of homogenization buffer, pH 7.4 (0.32 M Sucrose, 10 mM Hepes, 2 mM EDTA), precooled at 4°C containing protease inhibitors. Next, the homogenates were centrifuged at 1,000 × g for 15 min to remove the pelleted nuclear fraction (P1). The supernatant (S1) was then taken and centrifuged at 17,000 × g for 30 min. The obtained crude membrane pellet (P2) was resuspended in 200-300 µL cold Hepes lysis buffer (50 mM Hepes, 2 mM EDTA). Protein concentrations were determined by Bradford Assay. Samples were separated on 8% and 12% (wt/vol) SDS-polyacrylamide gels (30 µg of protein per lane), transferred to a nitrocellulose membrane (Amersham Protran, GE Healthcare), and probed with different primary antibodies followed by incubation with secondary antibodies conjugated to horseradish peroxidase (Jackson Immunoresearch). Bound antibodies were visualized using an enhanced chemiluminescence detection system (PerkinElmer Immuno Labs) and imaged with a Biorad ChemiDoc XRS+ imager (Biorad). Protein expression levels were quantified with the Image laboratory software (Biorad). All primary antibodies used are described in Table S1 .
Electron Microscopy. Hippocampal neurons were plated on sapphire disks and frozen at RT using a HPM 100 (Leica) at DIV 14 as described previously (36). Freeze substitution was performed in AFS2 (Leica). After staining with 1% uranyl acetate, samples were infiltrated and embedded into Epon and cured for 48 h at 60°C. Serial 40-nm sections were cut using a microtome (Leica) and collected on formvar-coated single-slot grids (Science Services GmbH). Before imaging, sections were contrasted with 2.5% (wt/vol) uranyl acetate. Random profiles were imaged using a Zeiss 900 electron microscope with a digital Proscan 1K SlowScan CCD-Camera (Fa. Proscan elektronische Systeme GmbH) and analyzed with a custom-written ImageJ (NIH) and MATLAB (The MathWorks Inc.) routine.
Electrophysiological recordings. Whole-cell patch-clamp recordings in autaptic neurons
were performed using a Multiclamp 700B amplifier (Molecular Devices) at DIV 13 Spontaneous release events were detected using a template-based algorithm in Axograph X (37). The spontaneous release rate is the fraction of the RRP released per second by spontaneous release and was calculated by dividing the miniature EPSC (mEPSC) frequency by the number of vesicles within the RRP. Synaptic vesicle fusogenicity was measured by applying 250 mM sucrose solution onto the neuron for 10 s and analyzed as described previously (38). Briefly, to obtain the fraction of RRP released at 250 mM sucrose solution, the charge transfer of the transient synaptic current was measured and divided by the RRP size obtained by application of 500 mM sucrose (5 s) from the same neuron. The peak release rate was calculated by normalizing and integrating the response to 500 mM sucrose. The maximal slope was then quantified as a measure for peak release rate (15) . Triple-channel STED imaging was performed exciting Alexa 488, Alexa 594 and ATTO647N
at 488 nm, 598 nm, and 646 nm, respectively. Alexa 488 was depleted at 592 nm, whereas the 775-nm STED laser was used to deplete both Alexa 594 and ATTO647N. Time-gated detection was set from 0.3-6 ns for both dyes. experiments were pooled and five to nine mice per genotype were analyzed.
Estimation of the Effective gSTED Point Spread Function by Gaussian Fit.
To estimate the lateral resolution of the gSTED microscope, fluorescent beads with uniform diameters well below the diffraction limit (~40 nm) were imaged at appropriate wavelengths. We then approximated local intensity profiles with a 2D Gaussian function:
where is a parameter vector. In its elements, ! represents a baseline pixel intensity value, ! corresponds to the peak of the Gaussian, ! and ! represent its x and y positions, and ! determines its width, which we assume to be equal in both dimensions. To quantify the deviation to the fluorescence profile of the image, a cost value was calculated:
where , is the intensity value of the experimentally obtained image at positions and , !"# and !"# are the maximal pixel positions (i.e., the image size). The optimal solution of was found by minimizing the cost value using a genetic optimization algorithm, implemented in the function "ga" of MATLAB R2016a with a population size of 500 and lower bounds of zero for all parameter values and upper bounds for ! and ! of !"# and !"# . There was no upper bound for the other parameters. The FWHM of the Gaussian was calculated to quantify the lateral resolution from the following relationship:
Absolute distances were calculated from pixel distances by multiplying with a pixel size of 25.25 nm. For display purposes, the 2D Gaussian was calculated at higher sampling in the plots of Fig. S2 C and and n indicates the number of animal tested.
For quantitative real-time PCR analysis, data from four independent experiments was pooled. Relative expression levels were tested in Prism 6 using repeated measurement twoway ANOVA with Tukey's multiple comparisons test. 
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